Abstract: The one-dimensional calculations of thermally induced residual stresses that are generated during the fabrication of multilayered functionally graded material plates (FGMs) because of a continuous macroscopic variation in the composition are presented. In this study, a laminated plate theory is used on the alumina/nickel FGM system to analyze the residual and thermal stresses in the multilayered FGM plates fabricated with a powder metallurgy method. Furthermore, the modeled ratios of thermo-mechanical parameters are employed to evaluate the residual thermal stress. The influences of residual thermal stress during thermal shock testing were also evaluated. The analytical results indicate that the residual thermal stress distributions can be controlled by adjusting the compositional gradient across the thickness of the FGM plates and the characteristics of thermal residual stress are more strongly dependent on the thermal expansion coefficients mismatch between ceramics and metal, in comparison with the mismatch of elastic moduli. It also indicates that during thermal shock process the thermal shock stress on the alumina surface does not change much by altering the compositional gradient in the FGM plate, and the release of thermal stress on the alumina surface is accomplished mainly by decreasing the tensile residual thermal stress.
INTRODUCTION
In a functionally graded material (FGM), both composition and structure gradually change through the thickness, resulting in corresponding change in the properties of materials. Because of this characteristics, FGMs with a ceramic/metal system are expected to reduce thermal stress and to improve the thermal shock properties of the materials. Therefore, studies about thermal residual stresses caused by manufacturing processes and thermal stresses generated by a temperature gradient have been performed extensively [1] [2] [3] Many researchers have studied the residual thermal stresses in FGMs. Itoh et al. [3, 4] analyzed the reduction ability of thermal stress using an FEM thermo-elastic procedure. Ravichandran [6] and Shaw [7] evaluated the residual thermal stress of multilayered and compositionally graded FGMs with a one-dimensional calculation. Weissenbek [8] investigated residual thermal stress considering the elastic-plastic deformation in FGMs and coating. For the temperature distribution and thermal stress analysis in FGM plates, Araki [9, 10] , Sugano [11] , and Awaji et al. [12, 13] presented different analytical methods.
In this study, a laminated plate theory proposed by Tanigawa [14] is employed and one-dimensional calculation is performed with a multilayered alumina/nickel FGM plate to calculate the residual thermal stress. The influence of residual thermal stress on the thermal shock property of FGM plates is also evaluated. The analysis of temperature distribution in FGMs is conducted with the method advanced by Awaji [12, 13] . For simplicity, the temperature dependency of thermomechanical properties and the plastic deformation in plates is not considered in the calculation. 
Residual Thermal Stress Distribution
The multilayered plate, as shown in Fig. 1 , consists of nonhomogeneous piled layers. The thickness of plate is l. The x-axis is considered to be vertical to the plate in the thickness direction, and the plate is assumed to be infinite in the y and z direction. Furthermore, it is assumed that the component in each layer is homogeneous and isotropic. Only the elastic deformation is considered and the interlayer bond is assumed to be perfect with no slippage between layers [3] . Onedimensional equation of the residual thermal stress at the position of x in the plates can be expressed as [14] Residual thermal stress in multi-layered FGM metal surface, and p is a numerical constant related to the gradient of composition through the plate. In this study, the system of alumina/nickel is selected for evaluation of residual thermal stresses because of their stability in the fabrication process and the remarkable differences in the material properties. Table 1 shows the thermo-mechanical properties of alumina and nickel, which are used for the calculation residual thermal stress in this study.
A rule of mixture proved by the experiment [15] is used here to estimate the property alteration in FGMs. The experimental results show that the linear rules of mixture (Voigt estimate) were applicable for the estimation of the thermal expansion coefficient a and Poisson's ratio v, and a mixture of the harmonic mean (Reuss estimate) was applicable for the estimation of elastic modulus, 3 . RESULTS AND DISCUSSION 3.1. Residual Thermal Stress Through the calculation, the volume fraction and Table 1 . Thermomechanical properties of alumina and nickel. specimens.
For the 3-layered specimens, the calculated value of residual thermal stress, which is about 500MPa, is not recognized to be a correct result because of the ignored plastic deformation in this study. In the case of 15-layered specimens, the thickness of an Al2O3 layer is less than 0.5mm, and it is difficult to fabricate a uniformed specimen.
The residual thermal stress developed in FGM disks during the sintering process is not only cause the lamination but also has a strong influence over the stress distribution on the ceramic surface during thermal shock. Therefore, the number of layers is necessary to be large enough when fabricate FGM plates with powder metallurgy method.
CONCLUSION
The thermally induced residual stresses in multilayered Al2O3/Ni FGM plates were calculated and the residual stress distribution under several modeled conditions were evaluated. The results are summarized as follows: (1) The magnitude and distribution of residual thermal stress within multi-layered FGM plates can be predicted by conforming the compositional gradient through the thickness of the plates. ( 2) The influence of elastic modulus ratios on the residual thermal stress is smaller than that of constituent gradient and thermal expansion coefficient. (3) For aluminalnickel FGM plates, the influence of residual thermal stress over the stress distribution on the ceramic surface during thermal shock cannot be ignored.
